Rationale The concern that adjuvant cancer chemotherapy agents cause cognitive impairment in a significant number of patients has been expressed by patients and healthcare providers, but clinical studies have yielded conflicting results to date. Objective We directly tested two commonly used chemotherapeutic agents in a mouse model of learning and memory. Materials and methods In the present study, mice were conditioned to respond for a liquid reinforcer (Ensure solution) in the presence of an audible tone on day 1 as a measure of acquisition and were then required to perform the same response on day 2 as a measure of retrieval and retention. Methotrexate and 5-fluorouracil were administered prior to the day 1 session. Results Methotrexate (1.0-32 mg/kg) alone failed to alter mean latency acquisition, retrieval, or reinforced response rates. Similar to scopolamine, a known amnesic in this assay, 5-fluorouracil (3-75 mg/kg) failed to alter response rates or acquisition latency on day 1 but significantly altered latency to retrieve a previously learned response on day 2. In combination, 3.2 mg/kg methotrexate plus 75 mg/kg 5-fluorouracil significantly increased day 1 and day 2 acquisition and retrieval latencies without altering response rates or motivation to respond as measured by progressive ratio responding. Conclusion Taken together, these data demonstrate that 5-fluorouracil causes increased latencies for retrieval of previously learned behavioral responses and that combination of chemotherapeutic agents may produce greater delays than either agent alone, including when neither agent alone does so.
Impairments in attention, mental flexibility, concentration, visual memory, and speed of information processing are estimated in some studies to occur in 4-75% of breast cancer patients who receive adjuvant chemotherapy and to persist even years after completion of the therapy (Ahles and Saykin 2002; Kingma et al. 2001; O'Shaughnessy 2002; Schagen et al. 1999 Schagen et al. , 2001 Schagen et al. , 2002a Schagen et al. , b, 2006 Silberfarb et al. 1980; Tchen et al. 2003; van Dam et al. 1998; Wieneke and Dienst 1995) . In these studies, the cognitive impairments are attributed to the chemotherapy but not to anxiety, depression, fatigue, self-reported complaints of cognitive dysfunction (Schagen et al. 2006; Schagen et al. 1999 ), patient age, or menopausal status (Brezden et al. 2000) . However, other studies have not detected impairments (Donovan et al. 2005; Jenkins et al. 2005) or have not attributed observed impairments to the chemotherapeutic drugs Hermelink et al. 2007 ). Studies using neuroimaging techniques in patients receiving chemotherapy have found structural and functional changes in brain regions associated with cognitive functioning (Inagaki et al. 2007; Saykin and Wishart 2003) . For example, positron emission tomography of breast cancer survivors revealed significant alterations in cerebral blood flow and in resting glucose metabolism in the frontal cortex and the cerebellum that were correlated with impairments in short-term memory recall tasks (Silverman et al. 2007) . Similarly, magnetic resonance imaging scans of breast cancer survivors showed reduced volume in various brain regions associated with cognitive function, and these changes were correlated with impaired performance on the attention/concentration and visual memory indices of the Wechsler Memory Scale-Revised or in working memory tasks (Inagaki et al. 2007; Saykin et al. 2006; Stemmer et al. 1994) .
Despite the obvious importance of this question, only a few studies have been performed that test the effects of chemotherapeutic agents on learning and memory behavior using established rodent models, and the results of these studies have been somewhat mixed. For example, high doses of methotrexate impaired conditioned taste aversion and conditioned emotional response assays in male and female neonatal rats independent of sensory deficits, motor impairment, or histopathology (Yanovski et al. 1989) , unless the conditioned taste aversion test included a feature-negative discrimination task (Stock et al. 1995) . Recent studies have implicated hippocampal deficits in rodents treated with chemotherapeutic agents, although the results of these studies are also mixed. In the Morris water maze and the novel object recognition task, rats treated with methotrexate showed deficits correlated with decreased hippocampal cell proliferation, suggesting impairments of spatial memory and comparator functions of the hippocampus, respectively (Seigers et al. 2008) . However, repeated injections of cyclophosphamide or 5-fluorouracil caused transient enhancements of both memory and hippocampal synaptic plasticity in spatial learning tasks (Lee et al. 2006) but produced transient memory deficits in a mouse stepdown inhibitory avoidance-conditioning task (Reiriz et al. 2006) . The susceptibility of neural cells to chemotherapeutic agents is supported by in vitro studies that demonstrate increased cell death and decreased cell division in the subventricular zone, in the dentate gyrus of the hippocampus, and in the corpus callosum of mice and rats even at doses below those used in standard chemotherapeutic clinical regimens (Dietrich et al. 2006; Mignone and Weber 2006; Seigers et al. 2008) . The observation that chemotherapeutic agents are more toxic to hippocampal cells than to cancer cell lines suggests that learning and memory deficits might be detected at doses below those normally used in chemotherapeutic regimens.
The recently published studies of a possible cellular basis for chemotherapy-induced learning and memory deficits and the inconsistent preclinical and clinical data establish a compelling need for continued in vivo evaluation of these agents in additional types of learning and memory assays. In the present study, two widely used antimetabolite chemotherapeutic agents, 5-fluorouracil (pyrimidine antagonist) and methotrexate (folic acid antagonist), were tested in an operant variation (Davenport 1974) of the autoshaping procedure in mice, which can provide a rapid and objective measure of a drug's effect on several aspects of learning and memory (Barrett and Vanover 2003; Vanover and Barrett 1998) . Specifically, mice are conditioned to respond for a liquid reinforcer in the presence of an audible tone. Mean-adjusted latencies, dipper response rates, and non-reinforced activity rates on day 1 are measures of acquisition, and the same parameters on day 2 are measures of retrieval and/or retention of the previously learned response on day 1. Agents such as the centrally acting muscarinic antagonist scopolamine (Mundy and Iwamoto 1987) and the N-methyl-D-aspartate receptor antagonist dizocilpine (Coveney and Sparber 1982) , which have previously been shown to alter acquisition and retention in rats, produce deficits in a similar procedure (Barrett and Vanover 2003; Vanover and Barrett 1998) . In the present study, scopolamine and methylscopolamine were tested as reference compounds in the autoshapingoperant procedure. Methylscopolamine, a muscarinic acetylcholine antagonist similar to scopolamine but with limited capacity to cross the blood-brain barrier and exert central nervous system effects, can be used to assess the peripheral contributions of muscarinic blockade to learning and memory deficits (Richmond et al. 1997; Shannon and Eberle 2006) . The doses of methotrexate and 5-fluorouracil examined in the present autoshaping-operant procedure were similar to the doses examined in other preclinical rodent studies using spatial learning, conditioned taste aversion, and conditioned avoidance or fear tasks (Lee et al. 2006; Madhyastha et al. 2002; Stock et al. 1995; Winocur et al. 2006; Yanovski et al. 1989 ).
Methotrexate and 5-fluorouracil were also tested in a series of dose combinations for their effects on learning and memory. Drug combination regimens are used clinically to target asynchronously dividing tumor cells, reduce the degree of drug resistance, and allow each agent to be administered at its highest tolerable dose in order to maximize efficacy without excessive toxicity (Davis and Lindley 2005) . Indeed, some chemotherapeutic drug combinations take advantage of known drug synergisms. For example, 5-fluorouracil and methotrexate are used in conjunction for the treatment of breast, colon, and prostate cancers because methotrexate enhances the activity of 5-fluorouracil by elevating levels of 5-phosphoribosyl-1-pyrophosphate, which favors the conversion of 5-fluorouracil to its active form (Albritton et al. 2005) . In rodents, certain combinations of chemotherapeutic drugs can cause behavioral effects even when the individual drugs do not. For example, combinations of methotrexate and prednisolone produced greater behavioral effects that were dose dependent: Some dose combinations were antagonistic, whereas others were neutral or synergistic (Mullenix et al. 1994) .
Both methotrexate and 5-fluorouracil can produce anorexia, nausea, and emesis in patients (Chabner and Ratain 2007) , raising the concern that the changes in retention and retrieval observed in the autoshaping-operant procedure in mice may be a result of conditioned taste aversion or altered motivation for the food reward. To examine altered motivation or changes in response rates produced by methotrexate or 5-fluorouracil alone or in combination, we trained mice to respond for the same Ensure solution in a progressive ratio procedure. In the progressive ratio procedure, the effects of drugs can be evaluated on two measures of reinforcing efficacy: breakpoint and response rate. The breakpoint is defined as the ratio at which the subject stops responding or the highest ratio completed if a time-constrained session is used (Hodos 1961; Hodos and Kalman 1963) , thus, lower breakpoint values can indicate lower reinforcing value for a reward. Performance under PR schedules of food delivery is considered to reflect the efficacy or motivational strength of food because increases in either deprivation level or reinforcer magnitude increase break points (Hodos and Kalman 1963) , and effects on motivation can be separated from overall suppression of response rate (see Stafford et al. 1998 for review). Any dose of drug that produced changes in the autoshaping-operant procedure was also examined in the progressive ratio procedure. In addition, m-chlorophenylpiperazine (mCPP), a serotonin agonist that produces hypophagia in many assays (e.g., Kennett and Curzon 1988; Kennett et al. 1996) and decreases the breakpoint value for Ensure in mice (Ward et al. 2008) , was tested as a positive control of a compound that decreases breakpoint responding.
Materials and methods
Subjects Male, Swiss-Webster mice (N=170) weighing 20-35 g were purchased from ACE Animals, Inc., (Philadelphia, PA, USA). Mice arrived group-housed in plastic cages and were allowed to acclimate to the temperature-and-humidity-controlled facility for 7 days before experimental sessions began. Mice had access to food and water ad libitum during this time. All mice were maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee of Temple University and the "Guide for the Care and Use of Laboratory Animals" (Institute of Laboratory Animal Resources, National Academy Press 1996; NIH publication No. 85-23, revised 1996) .
Apparatus Six experimental chambers (21.6 cm×17.8 cm× 12.7 cm, Model ENV-307W, MED Associates, St. Albans, VT, USA) were used for autoshaping-operant and progressive ratio procedures. Each chamber was located within a sound-attenuating enclosure and connected to a computerdriven interface (Model SG-502, MED Associates, St. Albans, VT, USA) programmed to control the experimental conditions and collect the data. One wall of the chamber contained three receptacles: one large dipper hole in the center (ENV 302W) and two smaller nose-poke holes on the left and right (ENV 313W). The opposite wall featured a house light that illuminated the chamber during the session. Each chamber was also equipped with an audible tone device (Sonalert, 2,900 Hz) that emitted a tone on a variable-interval schedule. Nose-pokes into each hole were detected by a photocell head entry detector (ENV 302HD) and recorded. A dipper lever and dipper well were located behind the center dipper hole.
Autoshaping-operant procedure The autoshaping-operant procedure was modified from the method previously described for mice by Vanover and Barrett (1998) by removing the noncontingent dipper presentation (Davenport 1974) . Specifically, after a 1-week acclimation period, mice (n=4-12/group) were separated into individual cages, weighed, and food-restricted for 24 h prior to injection. Water remained available ad libitum. During each session, the house light illuminated the chamber, and the mouse was presented a tone on a variable-interval schedule (mean of 45 s, range 4-132 s). The tone remained on for 6 s or until a nose-poke response occurred. If the mouse made a centerhole nose-poke during the tone, a 0.01-cc dipper filled with a vanilla-flavored liquid nutritional drink Ensure Plus/water (50:50) solution was presented for 3 s, and the tone was turned off. Nose-poke responses in the absence of the tone were counted but had no programmed consequences. Each session lasted for 2 h or until 20 reinforced nose-pokes were recorded. Mice were fed 1.5 g of food and returned to their cages. On day 2, the procedure was repeated. On day 1 of the autoshaping-operant procedure, mice were weighed and injected intraperitoneally with methotrexate, 5-fluorouracil, saline, or a combination of methotrexate and 5-fluorouracil under a fume hood. After a 15-min pretreatment period in the home cage, the mice were placed inside the experimental chambers for an additional 15 min before the session started. Scopolamine and methylscopolamine injections were followed by only the 15-min, in-chamber pretreatment. In this between-groups design, each group of mice was injected only once and tested on day 1 and day 2.
Progressive ratio procedure A group of mice (N=12) was trained to nose-poke into an illuminated nose-poke hole under a fixed ratio 1 (FR1) schedule wherein each correct nose-poke resulted in the delivery of a 0.01 cc Ensure solution for 3 s in the dipper well. During the Ensure solution delivery, the house light and the active nose-poke hole light were turned off, and the dipper receptacle was illuminated. After achieving stable levels of responding under the FR1 schedule, mice were trained to respond for the Ensure solution under a progressive ratio (PR) schedule of reinforcement, wherein the ratio requirement to obtain the Ensure solution increased throughout a test session. The following modified log progression of response requirements was used in the present study : 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, etc. (Richardson and Roberts 1996) . For example, a final log ratio of 12 would indicate that a mouse completed a response requirement of 50 nose-poke responses to receive a single presentation of Ensure solution. 'Break point' was defined as the final ratio completed by the end of the 1-h test session or before 10 min elapsed without a reinforced response. This progression of response requirement, coupled with the time constraint, was chosen because vehicle-treated mice routinely achieved break point within 20-30 min, well within the 1-h session time constraint. Stable responding under the PR schedule was defined as 2 days of baseline responding where the number of reinforcers earned differed by no more than three. Once stable responding was achieved, the drugs that produced retrieval deficits on day 2 in the autoshaping-operant procedure described above were tested in the progressive ratio procedure. Mice were pretreated with saline prior to baseline sessions and pretreated with 10 mg/kg scopolamine, 75 mg/kg 5-fluorouracil, 3.2 mg/kg mCPP, or a combination of 3.2 mg/kg methotrexate and 75 mg/kg 5-fluorouracil prior to the test sessions. Pretreatment times were as described above. The effects of the drugs on breakpoint and response rate on day 1 and then 24 h after the injections were compared to responding on the previous saline baseline sessions. Each test followed at least 2 days of stable baseline responding and occurred once per week. The effect of each dose of drug or drug combination was determined in seven to 12 mice using a within-subjects design.
Data and statistical analysis Each nose-poke into the center nose-poke hole in the presence of the tone elicited the presentation of the dipper of Ensure solution and was recorded as a reinforced response (up to a maximum of 20 in each 2-h session). The main measure of acquisition and retrieval of the nose-poke behavior was the mean-adjusted latency. Mean-adjusted latency was the elapsed time, in seconds, to the tenth reinforced response minus the latency to the first reinforcer (L10-L1). With this adjustment, we corrected for the unequal opportunity for each mouse to achieve the first reinforcer due to the variable-interval schedule of the tone (Barrett and Vanover 2003; Vanover and Barrett 1998) . To calculate the rate of dipper nose-poke hole responding, the total number of dipper nose-pokes made during the session-regardless of the presence or absence of the tone-was recorded and divided by the total session time in seconds for each mouse. This dipper rate measure served as a guide to whether differences in adjusted latency were dependent or independent of overall rate of responding. Left and right nose-poke holes were not reinforced but were counted and divided by total session time as a measure of response discrimination. All mice were included in acquisition measures from the day 1 sessions. However, mice that failed to achieve at least ten reinforcers on day 1 of testing were excluded from the latency measures on day 2. The rationale for this exclusion was that it was not appropriate to evaluate day 2 retrieval of a response that was insufficiently reinforced, or not reinforced at all, on day 1 (Barrett and Vanover 2003; Vanover and Barrett 1998) .
For the autoshaping-operant procedure, the effects of each drug on mean-adjusted latency, dipper response rates, or nonreinforced nose-poke response rates were compared to saline using a one-way analysis of variance (ANOVA) and, if p< 0.05, followed by Dunnett's multiple comparison post hoc test. In the combination experiments, the effects of 5-fluorouracil in the presence of methotrexate on meanadjusted latency, dipper response rates, or non-reinforced nose-poke response rates were compared to methotrexate alone using one-way ANOVA with Dunnett's multiple comparison post hoc tests. In addition, unpaired t tests were used to compare the effects of a single dose of 5-fluorouracil alone to the effects of a dose of 5-fluorouracil in combination with methotrexate. Significance was set at p<0.05.
For the progressive ratio studies, breakpoint was defined as the final ratio completed by the end of the 1-h test session or before 10 min elapsed without a reinforced response for each individual mouse, reported as a group mean (±SEM). The rate of responding was calculated by dividing the total number of responses by the total session time for each mouse and reported as a group mean (±SEM). The final ratios completed on the day prior to the test (saline), on the day of injection (day 1), and on the day following injection (day 2) were compared using repeated measures ANOVA and Dunnett's multiple comparisons post hoc tests where appropriate for each drug tested. Significance was set at p<0.05.
Drugs Scopolamine hydrobromide (TOCRIS Bioscience, Ellsville, MD), (−)-scopolamine methylbromide, methotrexate, mCPP, and 5-fluorouracil (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in sterile water. Injections were administered in a volume of 0.1 mL/10 g, i.p., prior to the day 1 autoshaping-operant or progressive ratio session. Each dose of drug or saline was administered in a separate group of mice in the autoshaping-operant procedure (between-groups design) and in the same group of mice in the progressive ratio procedure (within-group design). Chemotherapeutic agents were stored and handled in accordance with guidelines set forth by the Temple University Department of Environmental Health and Radiation Safety. Due to their limited solubility in sterile water, the highest doses of methotrexate and 5-fluorouracil administered were 32 and 75 mg/kg, respectively.
Results
Saline control On day 1, mice treated with saline acquired the nose-poke response into the dipper well in the presence of the tone with a mean-adjusted latency of 2,550±608 s (Fig. 1, upper left panel) and the rate of responding into the dipper well overall was 0.14±0.021 resp/s (Fig. 1, upper  middle panel) . The rate of responding into the nonreinforced, left and right nose-pokes was 0.0092±0.0029 resp/s during the day 1 session (Fig. 1, upper right panel) . On day 2, the mice were placed back into the experimental chambers without receiving injections, and the experimental conditions proceeded exactly as on day 1. The mice previously treated with saline (on day 1) responded into the dipper well in the presence of the tone with a meanadjusted latency of 621±117 s on day 2, which was significantly shorter than the mean-adjusted latency on day 1 (p<0.01; Fig. 1, upper left panel) . The dipper response rate increased to 0.41±0.062 resp/s (Fig. 1, upper middle  panel) , which was faster than day 1 (p<0.0001), and the non-reinforced, nose-poke rate dropped to 0.0017±0.00063 resp/s on day 2, which was slower (p<0.02) than day 1 (Fig. 1, upper right panel) . In summary, the mice responded with a faster latency and dipper response rate and directed fewer of their responses to the non-reinforced nose-poke holes on day 2, demonstrating that the dipper nose-poke response had been effectively learned on day 1 and retrieved on day 2. Methylscopolamine (mg/kg, i.p.) Response Rate (resp/s) Fig. 1 Effects of scopolamine (upper panels) and methylscopolamine (lower panels) on autoshaped-operant responding on day 1 (open squares) and day 2 (filled squares) in male, Swiss-Webster mice. Left panels The adjusted latency (latency to the tenth reinforcer minus the latency to the first reinforcer). Previous administration of scopolamine significantly increased adjusted latency on day 2 (F (4, 32) =6.7, p< 0.0006) compared to saline. Middle panels Rate of nose-poke responses per second in the dipper well. Dipper response rate was slower (F (4, 41) =3.6, p<0.01) on day 2 in mice treated with scopolamine compared to saline-treated mice. Right panels Rate of nose-pokes in either the right or left holes per second as a measure of general activity. Non-reinforced nose-poke rate was higher (F (4, 41) = 3.5, p<0.02) on day 2 after previous administration of scopolamine compared to saline. Total number of mice tested on day 1/number of mice completing ten reinforcers on day 1 and therefore included on day 2: scopolamine [1 mg/kg (6/6); 3.2 mg/kg (6/5); 5.6 mg/kg (10/6); 10 mg/kg (8/5)] and methylscopolamine [1 mg/kg (6/4); 10 mg/kg (6/ 5); 32 mg/kg (4/4)]. Abscissa Dose in milligram per kilogram administered i.p. Points above S are the effects in two groups of saline-treated mice tested 5 months apart and averaged into one group mean represented in Figs. 1 and 2. Vertical lines represent SEM. Asterisk Significantly different than saline control by Dunnett's multiple comparison tests, p<0.05. Caret Significantly different than day 1 as determined by paired t tests: mean-adjusted latency, p<0.01; dipper response rates, p<0.0001; non-reinforced nose-poke rate, p<0.02 tended toward increased mean-adjusted latencies, these latencies were not significantly different than saline values on day 1 (Fig. 1, upper left panel) . Similarly, the dipper response rates (Fig. 1, upper middle panel) and the nonreinforced, nose-poke rates (Fig. 1, upper right panel) were not different than saline control response rates. However, on day 2, the mean-adjusted latency for mice treated with 10 mg/kg scopolamine on the prior day was significantly longer (p<0.01), dipper response rate was slower (p<0.01), and non-reinforced nose-poke rate was higher (p<0.05) relative to the saline control values (Fig. 1, upper panels) . Unlike the saline control data described above, the adjusted latency values and the dipper response rates were not significantly different from day 1 to day 2, but nonreinforced, nose-poke response rates were different (p< 0.04) on day 1 from day 2 after the injection of 10 mg/kg scopolamine. These results suggest that scopolamine disrupted the consolidation or retrieval of the dipper nosepoke response on day 2. Like scopolamine, methylscopolamine administered prior to the day 1 session did not alter day-1-adjusted latency, dipper response rates, or nonreinforced, nose-poke response rates relative to the saline control mice. In contrast to scopolamine, methylscopolamine failed to alter day-2-adjusted latency, dipper response rates, or non-reinforced, nose-poke response rates relative to the vehicle control mice, suggesting that CNS penetration is required to disrupt the consolidation or retrieval of the reinforced nose-poke response.
Single chemotherapeutic agents: methotrexate or 5-fluorouracil Groups of mice were treated with one of the two chemotherapeutic agents: methotrexate or 5-fluorouracil. Mice treated with methotrexate did not differ significantly from saline controls in day-1-adjusted latency (Fig. 2 , upper left panel), dipper response rates (Fig. 2 , upper middle panel), or non-reinforced, nose-poke response rates (Fig. 2, upper right panel) . Similarly, prior administration of methotrexate did not significantly alter day-2-adjusted latency (Fig. 2, upper left panel) , dipper response rate (Fig. 2, upper middle panel) , or non-reinforced, nose-poke response rate (Fig. 2, upper right panel) . Although prior administration of 10 mg/kg methotrexate appeared to produce longer mean-adjusted latency and a corresponding decrease in dipper response rate and non-reinforced, nosepoke response rate relative to the next lower and next higher doses tested, neither measure was statistically significant.
Mice treated with 5-fluorouracil did not differ significantly from day 1 saline controls in adjusted latency (Fig. 2 , lower left panel), dipper response rates (Fig. 2 , lower middle panel), or non-reinforced, nose-poke response rates (Fig. 2, lower right panel) . On day 2, prior administration of 5-fluorouracil on day 1 did not alter dipper response rate (Fig. 2, lower middle panel) or non-reinforced, nose-poke response rate (Fig. 2, lower right panel) . However, injection of the highest dose of 75 mg/kg 5-fluorouracil on day 1 produced a significant increase (p<0.01) in day-2-adjusted latency (Fig. 2 , lower left panel) relative to saline controls on day 2. When adjusted latency and dipper response rates on day 2 were compared to the values on day 1, paired t tests indicated that adjusted latency values and the dipper response rates were not significantly different on day 2 from day 1 after the injection of 75 mg/kg 5-fluorouracil, similar to the effects described above for scopolamine.
Combined administration of methotrexate and 5-fluorouracil Mice were injected with methotrexate (3.2, 10, or 32 mg/ kg) and one of three doses of 5-fluorouracil (3, 30, or 75 mg/kg) prior to the day 1 acquisition session. Combined administration of 3.2 mg/kg methotrexate with 75 mg/kg 5-fluorouracil prior to the day 1 acquisition session significantly increased adjusted latencies (p<0.05) compared to 3.2 mg/kg methotrexate alone (Fig. 3, upper left panel ). An overall decrease in day 1 dipper response rates (Fig. 3 , upper middle panel) relative to 3.2 mg/kg methotrexate alone was also observed, although no single 5-fluorouracil dose in combination with 3.2 mg/kg methotrexate achieved statistical significance. These acquisition effects occurred only when 3.2 mg/kg methotrexate was administered in combination with 75 mg/kg 5-fluorouracil, not when they were administered alone (Fig. 2, left panels ) or in combination with other doses of methotrexate or 5-fluorouracil (Fig. 3, upper panels) . Day 1 non-reinforced, nose-poke response rates were unaffected by combined administration of these agents (Fig. 3, upper right panel) .
Combined administration of 3.2 (p<0.01) or 32 mg/kg methotrexate (p<0.01) and 75 mg/kg 5-fluorouracil significantly altered day 2 mean-adjusted latency compared to these doses of methotrexate alone (Fig. 3, lower left panel) . Overall day 2 dipper response rates were decreased by combined administration of 3.2 mg/kg methotrexate with 5-fluorouracil (p<0.04), although no single 5-fluorouracil dose in combination with 3.2 mg/kg methotrexate achieved statistical significance (Fig. 3, lower middle panel) . Day 2 non-reinforced, nose-poke response rates were unaffected by any combination of these agents relative to methotrexate alone (Fig. 3, lower right panel) . Unpaired t tests indicated that the adjusted latency values were significantly increased (p<0.0004), and the dipper response rates were significantly decreased (p<0.04) after administration of 75 mg/kg 5-fluorouracil in combination with 3.2 mg/kg methotrexate compared to the effects of 75 mg/kg 5-fluorouracil alone.
Effects of scopolamine, methotrexate, and 5-fluorouracil on progressive ratio responding To eliminate the possibility that the significant behavioral changes described above for the chemotherapeutic agents were the result of an aversive response to the Ensure solution or changes in motor activity, we assessed 10 mg/kg scopolamine, 75 mg/kg 5-fluorouracil alone, 75 mg/kg 5-fluorouracil combined with 3.2 mg/kg methotrexate, and 3.2 mg/kg mCPP in the progressive ratio assay in mice. A dose of 10 mg/kg scopolamine, which produced retrieval deficits in the autoshaping-operant procedure (Fig. 1, upper panels) , significantly increased breakpoint (p<0.05) but not response rates (0.40±0.12 vs. 0.38±0.10 resp/s) on day 1 compared to the saline baseline values obtained the day prior to scopolamine injection, as indicated by repeated measures one-way ANOVA (Fig. 4) . This increased responding for the Ensure solution dissipated by day 2. Single administration of 75 mg/kg 5-fluorouracil and combined administration of 75 mg/kg 5-fluorouracil and 3.2 mg/kg methotrexate failed to change breakpoint or rates of responding (0.40±0.12 vs. 0.31±0.11-0.48±0.15 resp/s, respectively) for the Ensure solution relative to saline baseline values. Finally, 3.2 mg/kg mCPP did not alter adjusted latency, dipper response rates, or activity rates on day 1 or day 2 of testing in the autoshaping-operant procedure (data not shown) but significantly decreased breakpoint (p<0.01) and produced a small but insignificant decrease in response rates relative to the saline baseline values (0.43±0.12 vs. 0.21±0.10 resp/s; Fig. 4) .
Discussion
In the current study, mice were conditioned to respond for a liquid reinforcer in the presence of an audible tone on day 1 as a measure of acquisition and were then required to perform the same response on day 2 as a measure of retrieval and retention. Consistent with the findings of previous studies (Liy-Salmeron and Meneses 2007; Mundy and Iwamoto 1987; Vanover and Barrett 1998) , scopolamine significantly increased day-2-adjusted latency responding, decreased dipper rates of responding, and increased activity in the non-reinforced nose-poke holes when administered prior to the day 1 experimental session. These results demonstrate the sensitivity of the autoshaping-operant assay to detect subtle influences of drugs on behavior. For instance, the increased adjusted latency on day 2 suggests a reduced capacity to retain and/or retrieve the previously learned response. This conclusion is strengthened by the simultaneous decrease in overall dipper-well nose-poke rates and increase in non-reinforced Fig. 2 Effects of the chemotherapeutic agents methotrexate (upper panels) and 5-fluorouracil (lower panels) on day 1 measures (open squares) and day 2 measures (filled squares) in male, Swiss-Webster mice. Adjusted latency on day 2 was significantly longer (F (3, 28) =4.8; p<0.01) after treatment with 5-fluorouracil than after saline. Total number of mice tested on day 1/number of mice completing ten reinforcers on day 1 and therefore included on day 2 per dose: methotrexate [1 mg/kg (9/7); 3.2 mg/kg (6/6); 10 mg/kg (9/8); 32 mg/kg (11/9)] and 5-fluorouracil [3 mg/kg (12/8); 30 mg/kg (6/5); 75 mg/kg (6/ 5)]. Abscissa Dose in milligram per kilogram administered i.p. Asterisk Significantly different than saline control determined by Dunnett's multiple comparison tests, p<0.05. Caret Significantly different than day 1 as determined by paired t tests: mean-adjusted latency, p<0.01; dipper response rates, p<0.0001; non-reinforced nose-poke rate, p<0.02. Other details as in Fig. 1 and day 2 (lower panels). Combined administration of 3.2 mg/kg methotrexate and with 5-fluorouracil altered day-1-adjusted latency (F (3, 23) =4.4, p<0.02) relative to the effects of 3.2 mg/kg methotrexate alone and produced a decrease in day 1 dipper response rates (F (3, 23) =3.3, p <0.04). On day 2, adjusted latency was increased by combinations of 3.2 mg/kg (F (3, 21) =50, p<0.0001) and 32 mg/kg methotrexate (F (2, 18) =8.2, p<0.004) with 5-fluorouracil relative to methotrexate alone. In addition, 3.2 mg/kg methotrexate and 75 mg/kg 5-fluorouracil produced longer adjusted latencies than 75 mg/kg 5-fluorouracil alone (p<0.01). Day 2 dipper response rates were significantly different than methotrexate alone for 3.2 mg/kg (F (3, 23) = 3.3, p<0.04) and 10 mg/kg (F (3, 26) =5.2, p<0.007) methotrexate in combination with 5-fluorouracil. Total number of mice tested on day 1/number of mice completing ten reinforcers on day 1 and therefore included in day 2 per dose: [3.2 mg/kg methotrexate+3 mg/kg 5-fluorouracil (6/6), +30 mg/kg 5-fluorouracil (6/6), +75 mg/kg 5-fluorouracil (6/4); 10 mg/kg methotrexate+3 mg/kg 5-fluorouracil (6/ 6), +30 mg/kg 5-fluorouracil (6/5), +75 mg/kg 5-fluorouracil (6/6); 32 mg/kg methotrexate+30 mg/kg 5-fluorouracil (6/4), +75 mg/kg 5-fluorouracil (6/5)]. Points above MTX are the effects of 3.2, 10, or 32 mg/kg methotrexate alone tested 3-6 months apart in two separate groups of mice per dose (Fig. 2) . Asterisk Significantly different than methotrexate alone, p<0.05. Caret Significantly different than 75 mg/ kg 5-fluorouracil alone, p<0.05 (lower left panel), p<0.0004 (lower middle panel). Other details as in Fig. 1 nose-poke rate, suggesting a decrease in the ability to associate the dipper-well with the liquid reinforcer or to discriminate between reinforced and non-reinforced responding. When administered prior to the day 1 experimental session, the peripherally acting muscarinic acetylcholine receptor antagonist methylscopolamine did not duplicate the changes produced by scopolamine, suggesting that in order to alter retention and/or retrieval in the autoshaping-operant procedure, the agent must enter the CNS.
When the chemotherapeutic agent methotrexate was administered prior to the day 1 session, it did not alter mean latency acquisition, retention, or reinforced response rates on either day 1 or day 2. In previous studies, these doses of methotrexate alone disrupted conditioned taste aversion, conditioned emotional responses, spatial memory, and novel object recognition (Madhyastha et al. 2002; Seigers et al. 2008; Yanovski et al. 1989 ) but failed to alter responding in a different conditioned taste aversion assay and a Pavlovian appetitive conditioning assay (Stock et al. 1995) . The doses of 3.2-32 mg/kg methotrexate used in mice and rats fall within the predicted 8-42-mg/kg-scaled mouse doses as determined from the range of clinical doses used to treat breast cancer in humans (40 mg/m 2 ) according to pharmacokinetic studies (Lobo and Balthasar 2003; Ohdo et al. 1997; Peters et al. 1993) . When 75 mg/kg 5-fluorouracil was administered prior to the day 1 session, it failed to alter response rates or acquisition latency on day 1. However, this dose of 5-fluorouracil significantly increased day 2 latency, a result similar to that obtained with known amnesic scopolamine in the autoshaping-operant procedure. In a single study examining 5-fluorouracil alone, four repeated injections of 150 mg/kg 5-fluorouracil failed to alter maze performance in young female rats (Lee et al. 2006) , a result in contrast to the present findings. The doses of 75 mg/kg (present study) and 150 mg/kg (Lee et al. 2006 ) 5-fluorouracil in mice and rats, respectively, fall slightly below and slightly above the predicted 100-mg/kgscaled mouse dose as determined from the typical clinical dose used to treat breast cancer in humans (500 mg/m 2 ) (Gusella et al. 2006; Jin et al. 2005; Kralovanszky et al. 1999; Ooi et al. 2001; Peters et al. 1993) . The findings in the present study underscore the importance of examining a range of relevant preclinical and clinical doses in more than one type of assay to capture the relationship of chemotherapeutic agents to changes in different types of learning and memory behaviors.
Patients rarely receive only one chemotherapeutic agent to treat breast cancer, so it is important to examine adverse effects of agents in combination. Indeed, there is preclinical evidence that certain combinations of chemotherapeutic drugs can cause behavioral effects in some assays (Mullenix et al. 1994; Winocur et al. 2006) . For example, after three weekly injections of a combination of 37.5 mg/kg methotrexate and 75 mg/kg 5-fluorouracil, mice tested in variations of the Morris water maze exhibited deficits in spatial memory, non-matching-to-sample learning, and delayed-non-matching-to-sample learning, while there were no changes noted in cued memory or discrimination learning (Winocur et al. 2006) . Similarly, rats treated with three weekly treatments of a combination of cyclophosphamide and doxorubicin showed impairments in contextual but not cue-specific fear responses (Macleod et al. 2007 ). In the present study, three doses of methotrexate were combined with three doses of 5-fluorouracil for a total of nine different acute dose combinations. The largest effect on learning and memory was produced by the combination of 3.2 mg/kg methotrexate with 75 mg/kg 5-fluorouracil. Of note, although 3.2 mg/kg methotrexate alone failed to alter day 2 mean-adjusted latency relative to controls (Fig. 2) , the combination of this ineffective methotrexate dose with a moderately effective dose of 5-fluorouracil produced a much greater increase in mean-adjusted latency (Fig. 3) . Perhaps even more striking, however, was that neither agent alone had a significant impact on day 1 measures, but the combination produced a significant increase in day 1 meanadjusted latency. There appears to be a specific interaction at this dose ratio because combining higher doses of methotrexate with 5-fluorouracil produced less of an effect. Consistent with this idea, the interaction between combinations of methotrexate and prednisolone are antagonistic, neutral, or synergistic, further demonstrating the need to study multiple dose combinations (Mullenix et al. 1994) . Indeed, in the treatment of cancer, certain combination ratios of maximally tolerated doses can be synergistic while others are antagonistic, such that the most efficacious combinations may not occur at the highest doses (Mayer and Janoff 2007) . Taken together, these data suggest that certain dose-ratio combinations of methotrexate and 5-fluorouracil can yield therapeutic or adverse effects that exceed those of the drugs given alone.
Both methotrexate and 5-fluorouracil can produce anorexia, nausea, and emesis in patients (Chabner and Ratain 2007) , raising the concern that the deficits in retention and retrieval observed in the autoshaping-operant procedure in mice may be a result of toxicity or altered motivation for the liquid reinforcer. To assess these possibilities, we examined the doses of 5-fluorouracil alone and in combination with methotrexate that increased adjusted latency values on day 2 in the autoshaping-operant procedure in another behavioral task, the progressive ratio procedure. The progressive ratio procedure is used to assess the motivational value of a reinforcer: If a drug increases the reinforcing value of the Ensure solution, the mice respond at higher breakpoint values; if a drug decreases the reinforcing value of the Ensure solution, the mice respond at lower breakpoint values. For example, the 5-HT 1B/2C receptor agonist mCPP, which produces hypophagia in many assays (e.g., Kennett and Curzon 1988; Kennett et al. 1996) , significantly decreased the breakpoint value for Ensure solution (Fig. 4 ) without altering response rates in the progressive ratio assay, as previously reported (Ward et al. 2008) . The same dose of mCPP did not alter consolidation or retrieval in the autoshaping-operant procedure (data not shown). 5-Fluorouracil alone or in combination with methotrexate did not change either breakpoint (Fig. 4) or rates of responding for Ensure solution on day 1 or 2, suggesting that these doses are not acutely toxic and that the Ensure solution retains its palatability for at least 2 days after injections of methotrexate and 5-fluorouracil. Furthermore, the observation that 5-fluorouracil alone and in combination with methotrexate did not alter the rate at which the mice respond for the reinforcer in either the autoshaping-operant or progressive ratio procedures supports the notion that these doses are not behaviorally suppressive. A dose of 10 mg/kg scopolamine significantly increased breakpoint values but not response rates on day 1 in the progressive ratio experiment. Therefore, the increased mean-adjusted latencies and non-reinforced nosepoke response rates and decreased dipper response rates on day 2 (Fig. 1) in the autoshaping-operant procedure are most likely not due to an altered motivation for the Ensure solution.
In summary, these experiments demonstrate retrieval/ retention deficits produced by 5-fluorouracil administration alone and acquisition and retrieval/retention deficits produced by a combination of methotrexate and 5-fluorouracil at doses that did not alone alter responding in an autoshaping-operant procedure in mice. In control procedures, these effects were shown to be unlikely the result of toxicity, taste aversion, or altered motivation to respond for the liquid reinforcer. Instead, the effects appear to be due to a more selective disruption in learning and memory processes and support a growing preclinical and clinical literature on chemotherapy-induced cognitive deficits.
